Coronary sinus blood flow was studied by the continuous thermodilution method in 13 subjects with normal coronary arteries and 14 patients with coronary artery disease during progressive elevation of the heart rate by atrial pacing. In 11 patients of the coronary group angina pectoris developed during pacing. In subjects with normal coronary arteries the coronary sinus blood flow rose proportionately (1.71 + 0.19 ml/ beat) and the coronary resistance decreased proportionately (0.06 + 0.01 mm Hg /10
ml/mm beats) to the rise in heart rate. Similar changes in coronary sinus blood flow and coronary resistance were found in the pain-free pacing periods in patients with coronary artery disease (1.79 0.21 ml/beat and 0.07 0.01 mm Hg /10 beats, respectively).
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However, in the periods in which anginal pain was induced the changes in both flow and resistance were significantly lower than in either the noncoronary group or in the pain-free periods in the coronary group (0.66 0.16 ml/beat and 0.00 + 0.01 mm Hg /10 ml/min beats, respectively).
The study shows that the coronary blood flow in patients with coronary artery disease not only can be normal at rest, but the coronary bed as a whole can respond to increased metabolic demand by normal increases in flow and normal decreases in resistance up to the point at which coronary insufficiency develops. Additional Indexing Words: Continuous thermodilution Regulation of coronary blood flow S INCE its introduction by Sowton and coworkers' atrial pacing has been widely used for the study of coronary insufficiency and ventricular function.2-6 Although the electrocardiographic, metabolic, and hemodynamic changes associated with pacing-induced coronary insufficiency have been extensively Coronary sinus blood flow Myocardial lactate metabolism studied,7-11 there is little information on changes in the coronary circulation associated with the development of anginal pain.
A method based on continuous thermodilution has recently been developed for the measurement of coronary sinus blood flow in man, which permits continuous measurement of flow over a period of several minutes and performance of repeated measurements at short intervals. 12 The present investigation was designed to study, by means of this method, the response of the coronary circulation in patients with coronary artery disease to progressive elevation of heart rate by atrial pacing to a rate at which angina pectoris developed and to compare it with the response in subjects with normal coronary arteries.
Methods
The study was performed on 27 patients undergoing cardiac catheterization, including coronary arteriography, because of known or suspected coronary artery disease. Their ages ranged from 25 to 63, with a mean of 46 years (table 1) .
All were studied in a fasting state after premedication with 100 mg of secobarbital. Arterial blood pressure was measured via an 18gauge thin-wall Cournand needle inserted into the left femoral artery. Left ventricular pressure and its first derivative (dp/dt) was obtained by means of a no. 7 Teflon catheter, passed percutaneously through the right femoral artery. Left ventricular end-diastolic pressure was recorded at high sensitivity. Coronary sinus blood flow was measured by the continuous thermodilution technique described in detail elsewhere. (TB) and the temperature of the mixture of blood and injectate (TM) is measured by a thermistor mounted on the outside of the catheter, 15 mm downstream to the site of injection. The catheter is positioned in the coronary sinus in such a way that the external thermistor lies about 5 mm inside the ostium of the coronary sinus. The position of the external thermistor on the catheter is labeled by a lead band visible under fluoroscopy. The ostium of the coronary sinus is identified by injection of about 3 ml of contrast. The following formula was used for computation of the coronary sinus blood flow (CSBF): CSBF = VI (T TJl )l -1.08 ml/min
The resistance of the two thermistors was measured with separate Wheatstone bridges, balanced before each measurement. Their offbalance output was amplified with commercial direct-current amplifiers and recorded. The galvanometer deflections resulting from change in temperature were calibrated by a resistance in series with the thermistors. The temperature change represented by the calibrating resistance was determined from the temperature-resistance relationship of each thermistor. Cardiac output was determined by the dye-dilution technique with injection of indocyanine green into the coronary sinus and sampling from the left femoral artery. The data were recorded by an Electronics for Medicine Recorder. Blood samples for determination of oxygen content and lactate concentration were obtained simultaneously from the femoral artery and the main trunk of the coronary sinus'. Lactate concentration was determined with the enzymatic method13 and expressed in mg/ 100 ml of blood.
From the measured values the following parameters were calculated: coronary vascular resistance as the ratio of mean arterial pressure (mm Hg) to coronary sinus blood flow (ml/min); tension-time index'4 as the product of mean arterial ejection pressure (mm Hg), ejection time (sec), and heart rate (beats/min); the ratepressure product as the product of systolic blood pressure (mm Hg) and heart rate (beats/min) .15 Analysis of lactate data was made by determining the extraction ratio across the myocardium: AL CSL X 100(%), where AL and CSL= arterial AL and coronary sinus lactate concentration. The myocardial oxygen extraction ratio was calculated similarly: A02 -2 X 100(%), where A02 and CSo2 = ar-A02 terial and coronary sinus oxygen content (ml/ 100 ml).
A paired-samples t-test was utilized to assess changes for each group, and an independentsamples t-test for comparison between groups. Supraventricular pacing was accomplished by using a standard bipolar pacemaker catheter inserted percutaneously from the right femoral vein and positioned in the right atrium. The heart rate was increased by atrial pacing in increments of approximately 20 beats/min, each period of pacing being maintained for 3 minutes, until (1) the subject experienced anginal pain, (2) a rate of 150 to 160 beats/min was reached, or (3) atrioventricular block developed. The The response of coronary circulation to sudden changes in heart rate was studied by recording coronary sinus blood flow continuously before and after the start and before and after the end of change of heart rate by electrical pacing.
When the heart rate was abruptly raised, the coronary sinus blood flow rose promptly. A steady level was reached in an average of 6 (4-9) seconds. A typical study is shown in figure 1 .
When the pacing was terminated, the coronary sinus blood flow fell promptly. A steady level of flow was reached in an average of 8 (4-14) seconds. A typical study is presented in figure 2 . There was no difference in this response between patients with and without chest pain.
Effect of Successive Increase in Heart Rate on Coronary Hemodynamics
As can be seen in the left panel of figure 3 , in subjects with normal coronary arteries, coronary sinus blood flow increased proportionately to the increase in heart rate. A similar proportionate increase in coronary sinus blood flow was observed in patients with coronary artery disease (right panel) except for the pacing periods with angina pectoris (solid lines with arrows) in which the Response of coronary sinus blood flow to sudden increase in heart rate in a patient with normal coronary arteries (F.G., 53-year-old female). When the heart rate was abruptly raised by pacing, the coronary sinus blood flow rose promptly and reached a steady level in 4 seconds. HR = heart rate in beats/min; CSBF = coronary sinus blood flow in ml/min; ABP, LVP = arterial blood pressure and left ventricular pressure in mm Hg; MAX dp = peak left ventricular dp/dt in mm Hg/sec. 
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coronary sinus blood flow either did not increase or the increase in flow was smaller. The coronary resistance decreased proportionately with the increase in heart rate in subjects with normal coronary arteries ( fig. 4 , left panel) and in patients with coronary artery disease (right panel), except for the pacing periods with anginal pain (solid lines with arrows), in which the fall in coronary resistance was smaller or absent. In two cases with increase in arterial pressure it actuallv increased. Table 2 presents the quantitative comparison of pacing-induced changes in coronary sinus blood flow and coronary resistance in subjects with normal coronary arteries and in those with coronary artery disease.
There was no significant difference between the increases in coronary sinus blood flow per one-beat increment in heart rate (ACSBF/ AHR) in subjects with normal coronary arteries and the increases in the pain-free pacing periods in subjects with coronary artery disease.
The increase was significantly smaller in the pacing periods with anginal pain than in either the noncoronary group or the pain-free pacing periods of the coronary group.
Similarly, there was no significant difference between the decreases in coronary resistance ACR per 10-beat increment in heart rate ( AUR 10) in the noncoronary group and the decreases in the pain-free periods of the coronary group. The decrease was significantly smaller in the pacing periods with anginal pain than either in the noncoronary group or in the pain-free periods of the coronary group.
Effect of Atrial Pacing on Systemic Hemodynamics
The systolic and diastolic arterial blood pressure rose slightly with increasing heart rate in both groups, including the periods with angina pectoris. In one patient the development of anginal pain was followed by a marked increase in both pressures. The tension-time index (TTI) and rate-pressure product increased with increasing heart rate in both noncoronary and coronary groups. The increase in TTI and rate-pressure product with increasing heart rate was practically linear over the studied range of heart rate. Increases in these indices when patients developed pain were similar in the noncoronary group and in the pain-free periods of the coronary group. Left ventricular end-diastolic pressure (LVEDP) and cardiac index were studied in the control state and the final period of atrial pacing (table 3) . LVEDP decreased significantly during pacing in the group without pain, but remained unchanged in the group with pacing-induced pain. Average cardiac index increased slightly during pacing. The change was significant Metabolic studies were performed before pacing and in the last pacing period (table 3) . Pacing caused no change in the coronary sinus oxygen content, coronary arteriovenous oxygen difference, and myocardial oxygen extraction ratio in either group. Myocardial lactate extraction (%) did not change significantly during pacing in the group without pain. However, in the group with pain, myocardial lactate extraction (%) decreased from 21 11 to 1 + 12% (P < 0.025). There was reversal of extraction to production in three patients. In two patients with lactate production before pacing, lactate production increased ( fig. 5 ). There was no correlation between changes in coronary blood flow and myocardial lactate extraction during angina.
Discussion
The continuous thermodilution method1'2 used in the present study for the measurement of coronary sinus blood flow permits rapid changes in flow with a cycle length of 2 sec or more to be recorded with reasonable precision. Changes in coronary sinus blood flow at the beginning and at the end of pading fall wvithin this range.
The stabilization of the coronary sinus blood flow and other circulatory parameters within seconds after the beginning and the end of pacing-induced change in heart rate differs markedly from the behavior of the coronary16 and systemic circulation'7 at the beginning and the end of exercise. Exercise is associated with extensive metabolic changes in the working muscles, requiring more time for their development and regression. 17 As discussed previously on the basis of anatomical'8 and experimentall9 evidence, coronary sinus blood flow is probably closely representative of left ventricular perfusion. Since the coronary arteriovenous oxygen difference did not change during pacing, changes in coronary sinus blood flow reflect proportional changes in left ventricular oxygen consumption. The rapid fall in left ventricular oxygen consumption, as indicated by the time course of the coronary sinus blood flow, yields an explanation why anginal pain usually disappears within 10 to 20 seconds after termination of pacing. Because of the short time necessary for the relief of anginal pain, pacing can be considered a safer test for coronary insufficiency than exercise. In one patient in whom anginal pain continued for more than 2 minutes after the end of pacing, the systemic blood pressure rose to hypertensive levels, probably as a reaction to increased catecholamine release provoked by the pain. The secondary hemodynamic changes can explain the continuation of the pain after the end of pacing. Myocardial lactate extraction (%) at rest and during pacing in subjects wvithout (left panel) and with pacing-induced anginal pain (right panel). i = mean SEM at rest and in the pacing period for each group. There was a significant decrease in myocardial lactate extraction (%) in periods with angina pectoris (P < 0.025).
The present study showed that coronary sinus blood flow rose and coronary resistance fell proportionately to the increase in heart rate in subjects with normal coronary arteries and also in patients with coronary artery disease prior to the manifestation of anginal pain: this finding is in agreement with the experimental studies of Berglund and coworkers.20 They demonstrated in anesthetized dogs with mild coronary stenosis that coronary blood flow increased with increasing heart rate up to 130 beats/min; however, when the heart rate was further elevated, there was no further rise in coronary blood flow, and left ventricular failure developed. The results of the present study differ from those by Conti and associates.2'1 These authors, using the 1'33xenon washout technique for measurement of myocardial blood flow, found that patients with an ischemic response to pacing-induced tachycardia had a greater increase in myocardial blood flow and myocardial oxygen consumption than patients in whom coronary insufficiency did not develop. The discrepancy is probably due to differences in techniques. The coronary sinus blood flow, as measured here, represents the sum of flows from areas Circ/ation, Volume XLIV, December 1971 with different degrees of perfusion. The isotope washout techniques tend to reflect first of all the well-perfused areas. On the other hand, Knoebel and co-workers,22 using the coincidence counting technique with bolus injection of 85rubidium for measurement of myocardial blood flow, found in nine patients with severe coronary artery disease no increase in myocardial blood flow in response to a gradual elevation of heart rate to an average of 130 beats/min. It is difficult to explain why most of the patients tolerated well the elevation of myocardial oxygen demand despite their inability to increase the myocardial blood flow.
The response of the coronary sinus blood flow and coronary vascular resistance to progressive increase in heart rate in patients who developed anginal pain suggests that the mechanism of the coronary insufficiency, manifested not only by the anginal pain, but also by S-T changes of the electrocardiogram and abnormalities of the myocardial lactate metabolism, resembles closely the experimental model of Berglund.20 Lesions in the proximal segments of the coronary arteries represent fixed resistances which at a certain point z 0 I.-U 1-I-U _i become the limiting factor in further increasing coronary blood flow. Increase in flow up to that point is achieved normally by dilation of the peripheral coronary arterial bed.
Although the increase in coronary sinus blood flow in the pacing period during which the anginal pain developed was significantly less than the increments at lower heart rates, the response in individual cases varied between no increase at all and an increase of normal magnitude. The explanation may be in the circumstance that the increment of 20 beats/min was relatively large and was added to a heart rate that could be theoretically close to the heart rate of angina threshold, in which case the increase in flow would be small, or far from the critical heart rate (e.g., 15 beats/min) in which case a practically normal response could be expected. An analysis with use of smaller increments of heart rate could answer some of these suppositions.
Previous studies have demonstrated that coronary blood flow in patients with coronary artery disease at rest is not significantly different from corresponding values in subjects with normal coronary arteries. '2' 23-27 This study demonstrates in addition that the coronary bed as a whole is initially able to respond to increased metabolic demand by normal reductions of its resistance, until a critical point is reached, at which appropriate increase in coronary flow by reduction of resistance becomes impossible, and coronary insufficiency supervenes.
